The esophagogastrojejunostomy model, esophagogastric junction, and jejunum side-to-side anastomosis, which causes reflux of gastric acid and duodenal content, developed columnar metaplasia and dysplasia most frequently in mice, compared with esophagojejunostomy (end-to-side) with esophagogastric separation (esophagojejunostomy) and esophagojejunostomy (end-to-side) with total gastrectomy. The mortality rate of the esophagogastrojejunostomy model was 13.0%. Columnar metaplasia developed in 45.5% of mice and dysplastic columnar metaplasia developed in 21.2% of mice.
T he incidence of adenocarcinoma of the esophagus is increasing in Western countries. 1, 2 The reasons for this increase are not clear, and the most cited risk factors for this neoplasia are obesity and gastroesophageal reflux disease (GERD). 3 It is believed that GERD stimulates the progression from normal stratified epithelium to columnar epithelium (intestinal metaplasia, or Barrett's esophagus) and from this columnar epithelium to esophageal adenocarcinoma. Given that GERD is a common diagnostic finding 4 but that only a small fraction of these patients develop adenocarcinoma, 5 important factors in the process are still unknown.
Some animal surgical models have been used to study this process, mainly with rats. 6, 7 Surgical GERD models with rats are good models for pathologic analysis and are easy to handle because of animal size. However, the availability of genetic modified strains is much superior for mouse, which encouraged a few authors to try experimental mouse models. 8 We also developed a mouse GERD model; however, the rate of occurrence of metaplasia was 45%, lower than in rat models. 9 In this report, we compare 3 surgical mouse models of esophageal reflux, including our former model, to evaluate which model is best for studying GERD.
Homeobox genes play important roles in the development of gastrointestinal tract and specific homeobox genes are expressed in normal gastrointestinal mucosa with headtail axis. CDX-2 is a homeobox gene expressed in intestinal development 9 that has been shown to be central to the formation of intestinal metaplasia and Barrett's esophagus. 10, 11 Another homeobox gene that has been implicated in the genesis of intestinal metaplasia is PDX-1, which has a role in the formation of the gastric antrum, duodenum, and pancreas. In our former report, all the human intestinal metaplasia of stomach was PDX-1 positive, and we concluded that intestinal metaplasia in the stomach is duodenal metaplasia. 12 Here, we compare the expressions of these homeobox genes in columnar metaplasia induced by the 3 models in mice and confirm that the columnar metaplasia in mouse models displays aspects similar to those seen in human Barrett's epithelium. 13 
Materials and Methods
C57Bl/6J male mice aged 8 weeks were purchase from Charles River Laboratories Japan (Yokohama, Japan), housed according to accepted standards, 14 and had free access to regular food (CMF, Oriental Yeast Co, Chiba, Japan) and water. One hundred forty-four mice were divided into 4 groups, 9 mice for a sham-operated control group and 3 types of operations ( Figure 1 ): (1) 46 mice for side-to-side esophagogastrojejunostomy (EGJ), (2) 43 mice for esophageal separation and esophagojejunostomy (EJ), and (3) 46 mice for gastrectomy (TG) and EJ. We performed all operations under general anesthesia; the mice were fasted from the night before until the morning after the procedure, with no restriction of water intake. When appropriate, ligation of the esophagogastric junction and the gastroduodenal segment was done with 4-0 silk; the anastomoses were performed in an interrupted fashion, with 8-0 silk. After the procedure, the animals were followed for 40 weeks with weight measuring and were euthanized using pentobarbital. This study protocol was conducted in accordance with the ARRIVE guidelines and was approved by the animal ethics committee of the University of Tokyo.
The specimens were prepared with a combination of intravenous perfusion and immersion of 4% formaldehyde followed by immersion in alcohol 70%. Paraffin blocks were prepared and serial 5-mm sections were cut. These were processed by hematoxylin-eosin staining for histologic assessment and by the periodic acid-Schiff/alcian blue (pH 2.5) (PAS/AB) method for mucin staining. For the immunohistochemical analyses, antigen retrieval was performed with microwave (H2800, Energy Beam Sciences, Agawam, MA) or autoclave (2100 Retriever, Prestige Medical, Lelystad, The Netherlands) using as buffer solutions sodium citrate (pH 6) or Tris-EDTA (pH 9). Primary antibodies used were the proliferative marker Ki-67 (rat, 1:50, Dako, Tokyo, Japan), CDX-2 (mouse, 1:80, Biogenex, San Ramon, CA), p53 (rabbit, 1:1000, Novocastra, Vista, CA), PDX-1 (rabbit polyclonal, 1:5000, a kind gift from Chris Wright, Vanderbilt University), TFF-1 (rabbit, 1:5000, a kind gift from Yasukazu Ohmoto), and TFF-2 (mouse, 1:80, a kind gift of Nicholas Wright and Bill Otto), incubated overnight at 4 C. Appropriate secondary antibodies were used (Alexa-conjugated, Invitrogen, Yokohama, Japan) and the chromogen was developed with DAB.
The specimens were analyzed for the presence of ulcers/ erosions, hyperplasic squamous epithelium (defined by the increase in the number of layers and presence of papillomatosis), metaplastic intestinal epithelium (defined by the presence of mucin-producing goblet cells and a mild architectural change extending upward from the anastomosis), and dysplastic intestinal epithelium (defined by pronounced architectural and cellular changes). 15 The sections were reviewed by 2 gastrointestinal pathologists (J.A. and K.T.). The immunofluorescent analysis was based on a semiquantitative count of positive cells at the anastomotic region, considering positive only the cells with a distinct nuclear expression of p53, CDX-2, PDX-1, and/or Ki-67.
Statistical analysis was performed with the SPSS package (SPSS Inc, Chicago, IL). Weight gain comparison was done with repeated-measures analysis of variance with Bonferroni correction (sphericity was violated but the differences were significant after Greenhouse-Geisser correction); rates of death, development of metaplasia and dysplasia, and PDX-1/CDX-2 staining were analyzed with the chi-square test.
Results
The mortality rate of EGJ was 13.0% (6/46), EJ was 11.6% (5/43), and EJ/TG was 13.0% (6/46). All 3 groups of operations had similar mortality rates, also comparable with reported studies using rats or mice. [6] [7] [8] [16] [17] [18] [19] [20] [21] [22] [23] All deaths in the EGJ group occurred in the first 30 days following the operation, in contrast with the other 2 groups, where they were more scattered along the follow-up period. When analyzing weight gain, the EGJ group showed gains equivalent to the control group, which was better than the EJ group and the EJ/TG group, in this order (Figure 2) (P < .01).
Because of technical complications, 7 paraffin specimens in the EGJ group and 1 paraffin specimen in the EJ/TG were lost, thus a total of 119 specimens were analyzed (EGJ, 33; EJ, 38; EJ/TG, 39; sham, 9) . Macroscopically, the specimens showed thickening of the esophageal epithelium; ulcerations; and, rarely, nodulations ( Figure 3 ).
Representative histologic findings are depicted in Figure 4 , and the relative distribution of these findings according to the operation is shown in Table 1 . Hyperplasic squamous epithelium was observed in 28/33 (84.8%) in the EGJ group, 28/38 (73.7%) in the EJ group, and 37/39 (94.9%) in the EJ/TG group. Metaplasia developed in 15/33 (45.5%) in the EGJ group and 6/39 (15.4%) in the EJ/TG Figure 2 . Weight gain curves grouped by the type of operation. There was no statistical difference between sham and EGJ (P > .05). However there were statistical differences between EGJ and EJ (P < .01), and between EJ and EJ/TG (P < .01). group, but no metaplasia developed in the EJ group (0/38) and in the control group (0/9). Dysplasia developed in 7/33 (21.2%) in the EGJ group and 1/39 (2.6%) in the EJ/ TG group, but again no dysplasia developed in the EJ group (0/38) and in the control group (0/9). Comparing the 3 operations, EGJ showed significantly higher rates of metaplasia and dysplasia development.
Characteristics of Columnar Metaplasia
We next sought to define the characteristics of the columnar metaplasia observed in the reflux models. PAS/AB staining was positive in all the goblet cells of columnar metaplasia, consistent with an intestinal mucosal lineage profile. We therefore evaluated the expression of the intestinal master regulator transcription factor, CDX-2. Immunohistochemical studies showed a similar strong pattern of CDX-2 positivity in the metaplastic areas and adjacent normal intestinal epithelium, and there was no difference among surgical models. However, some dysplastic regions showed a decreased level of CDX-2 expression (50% of cases) and a different pattern of expression of the proliferative marker Ki-67 (75% of cases) ( Figure 5 ). In dysplastic regions, Ki-67-positive cells were distributed in more surface area of the epithelium compared with nondysplastic metaplasia (Figure 5 ). TFF1 and TFF2 were negative in all the columnar metaplasia and dysplasia.
Previous investigations of reflux models have left concerns over whether the origin of the columnar metaplasia was simply invasion mucosa across the anastomosis. We therefore investigated the expression of the duodenal transcription factor PDX-1. PDX-1 was positive in 71% of metaplasia (15/21) and 88% of dysplasia (7/8), and its frequency was higher in dysplasia than in nondysplastic metaplasia ( Figure 6 ). PDX-1 was expressed in 80% (12/15) of nondysplastic metaplasia in the EGJ group and 50% (3/6) of nondysplastic metaplasia in the EJ/TG group; in dysplasia, PDX1 was expressed in 85.7% (6/7) of cases in the EGJ group and 100% (1/1) of cases in the EJ/TG group. Because PDX-1 is not expressed in the normal jejunum, these findings suggest that columnar mucosa in the esophagus does represent a true metaplasia.
In dysplastic Barrett's epithelium in humans, upregulation of p53 staining is often considered one of the main characteristics of high-grade dysplasia. [24] [25] [26] [27] [28] p53 was positive in all of the dysplastic legions, 12/15 (80%) metaplasias in the EGJ model, and 1/6 (16.7%) metaplasia in the EJ/TG model ( Figure 6 ). These results suggest that, especially in the case of the EGJ model, reflux elicits the formation of high-grade dysplasia within columnar metaplasia. Finally, in 1 case of note we observed the development of an island of intestinal metaplasia in the forestomach squamous mucosa opposite to the anastomotic orifice, confirmed by PAS/AB and CDX-2 staining (Figure 7 ). This case was in the EGJ group. This finding again demonstrates that columnar metaplasia can develop distant from the anastomosis with the small intestine.
Discussion

Differences Among Mouse Reflux Models
We have been able to develop mouse reflux models for esophagogastric junctional metaplasia and dysplasia with acceptable mortality. The occurrence rates of metaplasia in EGJ, EJ, and EJ/TG groups were 45.5%, 0%, and 15.4%, respectively, and the rate of dysplasia was 21.2%, 0%, and 2.6%, respectively. EGJ had the highest rate of histologic changes despite its partial reflux of biliopancreatic content, compared with the total reflux in the other models; this could be the result of an increased effect of alternating episodes of acid and alkali content in contact with the esophageal mucosa. In spite of having only alkaline reflux (without acid) the EJ/TG model had histologic changes, although with lower rates than the EGJ model. Finally, the reason for no effects in the EJ model, even considering its total reflux, may be that acid and alkali are neutralized before reaching the esophagus.
Comparison With Reported Mouse Models
In contrast to the multitude of rat studies, there are few published studies of mouse reflux models. Most of them have used an esophageal separation and EJ model and postoperative follow-up in the mice for around 20 weeks. 8, 22, 29 These studies reported the development of metaplasia in 14%-42% of cases and adenocarcinoma in 6% of cases. Our EGJ model developed metaplasia in 60.6% and dysplasia in 21.2% of cases and the rates were higher than previously reported models. One contrasting study by Raggi et al 30 showed an increased rate of development of metaplasia (60%) and adenocarcinoma (55%), using BALB/ c mice. Other tested operations have included TG and EJ 23 and esophagoduodenostomy with or without TG, 31 all showing lower rates of metaplasia and adenocarcinoma. Pham et al 32 recently reported EJ model using C57Bl/6 mice. Their rates of metaplasia were 17% at 34 weeks and 7% by 52 weeks without development of carcinoma. They are lower than our EGJ model, but higher than our EJ model. We cannot explain these differences; however, reflux amount because of the sizes of the anastomosis might have affected the results. Finally, a recent study from our laboratory used an EGJ model and has demonstrated metaplasia in 45% of the mice after 40 weeks; no dysplasia or adenocarcinoma was found. 9 We do not know the reason for the lack of dysplasia in our former experiments. In this study, we compared mouse EGJ, EJ, and EJ/TG models and found that the EGJ model is the most efficient of the 3 models regarding the development of dysplasia. Most genetically modified mouse strains are made on a C57BL/C background, and thus the EGJ model should be the most suitable for these strains. The length of columnar metaplasia is short in mouse reflux models, and it is sometimes difficult to distinguish from anastomotic site of jejunum. The presence of PDX-1 is reported to indicate the existence of distinct pathways to metaplasia development, as suggested by Leys et al. 12 PDX-1 is expressed in normal gastric antrum, duodenum, and pancreas, without expression in the esophagus, gastric corpus, and jejunum. In our models, PDX-1 was positive in 71% of metaplasia and 88% of dysplasia. Not all the metaplasia and the dysplasia were positive for PDX-1; however, these metaplasia and dysplasia could be speculated to be true metaplasia for their ectopic homeobox gene expression.
Comparison With Rat Models
Most reflux models have been developed in rats. 6, 7, [16] [17] [18] [19] [20] [21] In rats, high rates of hyperplasia developed as soon as the postoperative 10th week, followed by intestinal metaplasia by the 30th week (in 50%-100% of the cases), and finally adenocarcinoma developed around the 40th to 50th week (in 12%-75% of the cases). In this report, the highest frequency of metaplasia was obtained in the EGJ model: 60.6%, which is better than other mouse models, but worse than that of rat models. The reason for these differences may reflect a biologic difference between the species, because gastric intestinal metaplasia can be induced by sodium hydroxide treatment in rats, 33 but needs a genetically modified overexpression of CDX-2 under the promoter of H þ /K þ -ATPase to develop in mice. 34 Alternatively, metaplasia and dysplasia development may be related to the amount of the reflux, because a larger anastomotic orifice can be made in rats.
Etiologic Considerations
Junctional adenocarcinoma is reported to arise in Barrett's esophagus, columnar metaplasia, and in esophagogastric junction. Patients having Barrett's esophagus are followed with periodic endoscopy for early detection of adenocarcinoma, because biomarkers of dysplastic change of columnar metaplasia are lacking. In the mouse models reported here, this distinction is not resolved by the study of CDX-2 expression or by PAS/AB staining, because they merely reinforced the diagnosis of intestinal characteristics of these areas. In rats, Oh et al 35 demonstrated that a similar architectural characteristic was corroborated as intestinal metaplasia by an expression profile using trefoil peptides (TFF-1 and TFF-2). Using immunochemistry, we could not demonstrate an increased expression of these markers in our samples (not shown).
In our reflux models, EGJ model showed the best rates for metaplasia and dysplasia induction. The EGJ model causes reflux of both gastric juice and duodenal content without total mixture. In humans, with an intact stomach, gastric juice reflux can occur; however, duodenal content is difficult to reflux to esophagogastric junction without mixing with gastric juice.
One of the limitations of this study is that mouse reflux models have forced reflux of intestinal content and this is different from human physiological or pathologic reflux. Considerable controversy remains regarding the origin of columnar metaplasia in the esophagus. Some have suggested that in humans, these columnar metaplastic cells arise from esophageal submucosal glands. No such submucosal glands exist in rodents. Our results are most compatible with a migration of intestinal stem cells into the damaged squamous regions. 36 The columnar mucosal regions seem to represent true metaplastic lineages because they demonstrate characteristics distinct from jejunal mucosa including expression of the duodenal transcription factor PDX-1. It is also notable that more dysplastic lesions showed increased nuclear p53 staining, a hallmark of highgrade dysplasia in human Barrett's esophagus. [24] [25] [26] [27] [28] In conclusion, in mice, the EGJ reflux model was the best to study the induction and progression of columnar metaplasia in C57BL/6J mice. In this model, mice developed CDX-2 and PDX-1 expression metaplasia distant from the anastomotic site. Because high-grade dysplasia also expressed elevated nuclear p53, this model represents a relevant manipulation to study metaplastic progression in mice.
